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Abstract 

Precision measurements of Z-boson parameters and VF-boson and 
t-quark masses put strong constraints on non SU{2) x U(l) singlet New 
Physics. We demonstrate that one extra generation passes electroweak 
constraints even when all new particle masses are well above their 
direct mass bounds. 



1 Introduction 

Nine years ago in paper [1] it was noted that contrary to the common belief 
expressed in review paper [2] the precision electroweak data do not exclude 
the existence of extra quark-lepton generations. A year after in important 
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paper [3] it was found that heavy Higgs boson does not contradict electroweak 
data as soon as extra generation exists. 

The purpose of the present paper is twofold. Firstly, to update old results 
taking into account the present values of electroweak observables. Secondly, 
the existence of the fourth generation does not contradict precision data even 
if the mass of new neutral lepton is much larger than contrary to the 

statement of the update of [2] published in [4]. 

2 Standard Model fit 

In Table 1 we present the results of the data fit performed by LEPTOP code 
[5]. 



Table 1 



Observable 


Exper. data 


LEPTOP fit 


Pull 


T z , GeV 


2.4952(23) 


2.4963(15) 


-0.5 


a h , nb 


41.540(37) 


41.476(14) 


1.8 


Ri 


20.771(25) 


20.743(18) 


1.1 


^FB 


0.0171(10) 


0.0164(2) 


0.8 


A T 


0.1439(43) 


0.1480(11) 


-0.9 


Rb 


0.2163(7) 


0.2158(1) 


0.7 


R c 


0.172(3) 


0.1722(1) 


-0.0 


^FB 


0.0992(16) 


0.1037(7) 


-2.8 


^FB 


0.0707(35) 


0.0741(6) 


-1.0 


sj (<2fb) 


0.2324(12) 


0.2314(1) 


0.8 


^lr 


0.1513(21) 


0.1479(11) 


1.6 


A b 


0.923(20) 


0.9349(1) 


-0.6 


A c 


0.670(27) 


0.6682(5) 


0.1 


mw, GeV 


80.398(25) 


80.377(17) 


0.9 


m t , GeV 


172.6(1.4) 


172.7(1.4) 


-0.1 


m H , GeV 




84±H 




a s 




0.1184(27) 




l/a 


128.954(48) 


128.940(46) 


0.3 


X 2 / n d.o.f. 




18.1/12 





Standard Model fit by LEPTOP, summer 2008. 
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The quality of the fit is characterized by x 2 / n -d.f. = 18/12 and is reason- 
ably good. The central value of the Higgs boson mass is well below LEP II 
direct search bound: m H > 114 GeV at 95% C.L. 

3 Fits with the fourth generation 

Introducing the fourth generation we get many new parameters: quark and 
lepton masses and mixing with three existing generations. To simplify the 
analysis let us suppose that mixing is small. 

In order to investigate 5-dimensional parameter space (m H , my, m D , m E , to at) 
we use the results of [6] where steep and flat directions in the dependence 
of x 2 on new particle masses were found. We fix the values of the sum of 
new quark masses my + my, = 600 GeV to avoid Tevatron direct search 
bounds and the value of the charged lepton mass m E = 200 GeV and look 
for a minimum of x 2 for the fixed values of mn, varying neutral lepton mass 
and the difference of Up- and Down-quark masses. The results of the fit are 
presented in Fig. 1 for to# = 120 GeV, in Fig. 2 for mn = 600 GeV and 
in Fig. 3 for m# = 1000 GeV. We see that the quality of the fits is close to 
that for the Standard Model without additional generation. 

4 How many new generations? 

The next question which we address is the number of additional generations 
allowed by precision data 1 . To study this problem we fix m E = 200 GeV, 
my = mD = 300 GeV, since in Figures 1, 2 and 3 minimum of x 2 corresponds 
to almost degenerate quarks, and allow the number of extra generation N g 
and mass of neutral lepton m N to vary, bounding Higgs boson mass to be 
above direct search bound, m H > 114 GeV. The levels of x 2 ar e shown in 
Fig. 4. 

As we already stressed the value of x 2 f° r Standard Model and for N g = 1 
are almost the same, while three and more additional generations are ex- 
cluded. 

1 To simplify the analysis we assume the degeneracy of new particles with the identical 
quantum numbers: = niE 2 = = mjv 2 = mjj 1 = mu 2 = m£> 1 = mo 2 = 
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Figure 1: Exclusion plot on the plane m^, my—mD for fixed values itlh = 120 
GeV, m,E = 200 GeV, mjj + mn = 600 GeV. x 2 minimum shown by the 
star corresponds to x 2 /d.o.f. — 17.7/11. The borders of the regions show the 
domains allowed at the level Ax 2 = 1,4,9, 16 etc. 

In order to understand which masses of Higgs bosons correspond to dif- 
ferent regions in Fig. 4 we draw Fig. 5. We see that for the case N g = 1 
higgs mass rapidly grows when the neutral lepton mass diminishes below 100 
GeV. 

5 S, T, U versus V m , Va, Vr — formulas 

S, T and U variables were suggested in [7] for the analysis of New Physics 
contribution to electroweak observables. In paper [7] it was supposed that 
New Physics contributes only to the vector bosons polarization operators and 
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masses of new particles are much heavier than mz, m\y. Extra generations 
not mixed with three "light" ones satisfy the first requirement; concerning 
the second one it depends on the masses of new particles. The expressions 
for S, T and U introduced in [7] take into account the values of the polariza- 
tion operators and their first derivatives at q 2 = 0. In this way the beautiful 
formulas were obtained with a clear physical meaning: S characterizes the vi- 
olation of chiral symmetry, while T and U characterize the isotopic symmetry 
violation. 

Radiative corrections to electroweak observables were expressed in LEP- 
TOP through three functions Vf 

% 3ac 

m z " C+ 32vr S 2 (c 2 - S 2 ) m ' 1 J 
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Figure 3: The same as Fig. 1 for van — 1000 GeV. x 2 minimum shown by 
the star corresponds to \ 2 jd.o.f. = 18.4/11. 



1 3a 

9A = -2 " 6^cV Va ' P) 

^ = 1-4^ + f V R , (3) 

s 2 c 2 = sin 2 9 W cos 2 ^ w = j- , a = a(m z ) = (128.87)" 1 , (4) 



V2G, 



where qa and <jy are axial and vector couplings of Z-boson with charged 
leptons. Functions Vi depend both on Standard Model and New Physics 
contributions. To make comparison with S, T, U approach let us separate 
these two contributions in V{. 

V = V? M + S NP Vi . (5) 
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m H > 114 GeV m„ = 300 GeV m u = 300 GeV m E = 200 GeV 




12 3 4 



Ng 



Figure 4: Exclusion plot on the plane N g , for fixed values mu — mp — 
300 GeV, mE = 200 GeV. \ 2 minimum is shown by the star. The condition 
ran > 114 GeV is imposed. 

The definitions of S, T and U used in [4] differ from the original one used 
in papers [7]: instead of the derivatives of polarization operators at q 2 = 
their values at q 2 = mfp and q 2 = m| were used. These new definitions 
coincide with our functions V, with one exception: instead of derivative of 
Z-boson polarization operator at q 2 = m| which enters function Va, the 
difference Hz(m%) — IIz(0) is used in [4]. 

Comparing the definitions of S, T and U presented in Eqs. (10.61a - 
10.61c) from [4] with definitions of our functions V, presented in [1] Eqs. (1) 
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m H > 114 GeV m D = 300 GeV m u = 300 GeV m r = 200 GeV 




Figure 5: Values of Higgs boson masses on the plot of Fig. 4 are shown. 
Each strip corresponds to the definite value of ran. 



(3) we get 2 : 



T 



16its 2 c 2 



8 np Va + A = T' + A 



S = — \5 NP V A - 5 NP V R ] + As 2 c 2 A = S' + As 2 c 2 A 

4:71 



s + u 



Atc(c 2 



-{8 NP V m - 5 NP V R ) = S' + U' 



a 



rrir 



(6) 
(7) 
(8) 

(9) 



2 Let us note that our definition of polarization operators differs by sign from that used 
in [4]; also functions Vr and V m contain derivative of photon polarization operator at 
q 2 = 0, while 5* and U contain Tl 1 (m 2 z )/rn 2 z . 



8 



where we introduce new set of functions S', T' and U' which are directly 
related to SnpVi. If the authors of [4] use these primed functions in the ex- 
pressions for physical observables instead of S, T and U, then their formulas 
would be exact for arbitrary values of the new particles masses. The accu- 
racy of the formulas for physical observables through S, T and U is good 
as long as new particles are considerably heavier than Z-boson, since in this 
case A is suppressed as {m z /2m) 2 (we substituted 2m instead of m since cut 
of Z-boson polarization operator starts at q 2 = (2m) 2 ). The authors of [4] 
recognize that for the light fourth generation particles their approach based 
on S, T and U can be wrong. 

Our next goal is to present explicit formulas for the fourth generation 
contributions to T, S and A. Let us start from the expression for 5npVa'- 



SnpVa — 



lQirs 2 c 2 
3a 



U z (m 2 z ) LV(0) 



m| 



m 



U' z (m 2 z ) 



w 



(10) 



and compare it with that for T from [4], Eqs. (10.61a, 10.63, 10.59): 



aT = 
+ 



n z (o) u w (o) 



3a 



m 2 z 
a 



I6nc 2 s 2 



lQirc 2 s 2 



u + d 
N 



2nd j / u 
u — d \d 



\r r, 2NE , 

N + E- — In . 

N -E \E 



+ 



(11) 



where u = m 2 J /m 2 Zl d = m 2 D /m 2 z , N = m 2 N /m 2 z and E = m 2 E /m 2 z . With the 
help of Eq. (6) we obtain: 



A = 



+ 



3 1 
— — ^OnpVa + — 



n z (o) imo) 



rrir 



[F'(u) + F'(d)} + Nf 



4 



1 



x 



16tts 2 c 2 { 3 L " ' " V "" /J ' " c V9" ' 9, 
x [2uF{u) - (1 + 2u)F\u) + 2dF(d) - (1 + 2d)F\d)} + 

Q 2 U ((1 + 2u)F\u) - 2uF{u)) + 



+ Q 2 d {{\ + 2d)F'{d) - 2dF{d))] + -Nfs 2 Y q ' 1 x 

* 9 

x [(1 + 2d)F\d) - 2dF(d) + 2uF(u) - (1 + 2u)F\u)]} 



(12) 
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where the contributions of quarks and leptons should be summed up, N% = 3, 
N l c = l,Y q = Q u + Q d = 1/3, Y l = Q N + Q E = -1, 



F(u) 



F\u) 



1 - y/Au-l 



du 



1 



arcsm 



Au _ 

1 - 2uF(u) 
Au- 1 



(13) 



see Eqs. (5), (9), (10) from [1]. 
From Eqs. (7) and (12) we get: 



3 r t t 4s 2 c 2 

b = -—o NP V R H — 

Air a 



n z (o) n w (o) 



TO: 



and with the help of Eq. (11) and Eq. (6) from [1] we finally get: 



(14) 



S = ^{ 2 ^f[uF{u) + dF{d)]- l ^Nfs\" 



An 

+ Q 2 d ( K (l + 2d)F(d)- 
- (1 + 2u)F(u) + In 



Ql (1 + 2«)F(«) - - + 



2 Ni,iyQ,i 

-^—[(l + 2d)F(d)- 



(15) 



where contributions of quarks and leptons should be summed up. 



6 S, T, U versus V m , Va, Vr - numbers 

In Section 3 we found three points of x 2 minimum in the fourth generation 
parameter space, which corresponds to m H = 120 GeV, m H = 600 GeV and 
mu = 1000 GeV. The values of quark and lepton contributions to S, S', T, 
T', U and U' at these points are presented in Table 2. 
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Table 2 





m H = 120 


m H = 600 


m H = 1000 




mjj = 310 
m D = 290 


m N = 120 
m E = 200 


m v = 300 
m D = 300 


m N = 50 
m E = 200 


m u = 315 
m D = 285 


m N = 53 
m E = 200 


V 


0.02 


0.11 





0.24 


0.05 


0.27 


T 


0.02 


0.11 





0.37 


0.05 


0.36 


S' 


0.15 


-0.01 


0.16 


-0.23 


0.15 


-0.19 


s 


0.15 


-0.01 


0.16 


-0.14 


0.15 


-0.13 


U' 





0.02 





0.20 





0.16 


u 





0.01 





0.11 





0.10 



Quark and lepton contributions to S, T, U and S', T', U' at the points of x 2 
minimum in Figures 1,2 and 3. All masses are in GeV. 



For heavy higgs the mass of a neutral lepton is close to m z /2, that is why 
the values of S\ T' and U' considerably differ from S, T and U. For light 
higgs (mi = 120 GeV) the masses of all new fermions are far from 
that is why S, T and U almost coincide with S', T' and U'. 

In order to get whether these sets of the fourth generation particle masses 
are allowed by precision data in the framework of S, T, U approach, we should 
look at Fig. 10.4 from [4]. Standard Model corresponds to S — T — 0, and 
this point is just at the border of 90 % C.L. allowed domain for m H = 117 
GeV. 

Summing quarks and leptons contributions for the fourth generation point 
with m H = 120 GeV we get S = 0.14, T = 0.13. It is at the border of the 
same domain, so its level of x 2 is the same as in the case of SM - the result 
coinciding with that of Vi analysis presented in Section 3. 

Next we should consider the point with heavy higgs, run = 1000 GeV. 
At this point S = 0.02, T = 0.41, which is a bit outside the allowed domain 
for 1000 GeV higgs from Fig. 10.4. However since at this point S' = —0.04, 
V = 0.32 we see that primed quantities are again at the border of 90 % C.L. 
allowed domain. 
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7 Conclusions 



The possibility to include an extra quark-lepton generation(s) into Standard 
Model has been studied. We have found that the electroweak data do not 
contradict the existence of one extra family with specially adjusted masses. 
Three examples corresponding to light and heavy higgs bosons are presented. 
The properly made analysis based on S, T, U (for m H = 120 GeV) and S', 
T', U' (for m H = 1000 GeV) confirms the results of the analysis based on V^. 
Let us note that in paper [9] a set of masses of the fourth generation particles 
was found which pass electroweak tests and corresponds to m# = 115 — 300 
GeV. 

This paper is an expanded version of the presentation at the "Beyond the 
3 SM generation at the LHC era" workshop at CERN, September 4-5 2008. 
We dedicate it to Lev Okun, who initiated our common electroweak project 
many years ago. 

This work was partly supported by Rosatom; V.N. and M.V. were sup- 
ported by grants RFBR 07-02-00021, 08-02-00494 and NSh-4568. 2008.2; V.N. 
was supported also by grant RFBR 07-02-00830. 

References 

[1] M. Maltoni, V.A. Novikov, L.B. Okun, A.N. Rozanov, M.I. Vysotsky, 
Phys. Lett. B476 (2000) 107 (hep-ph/9911535). 

[2] J. Erler, P. Langacker, Review of Particle Physics, in: C. Caso et al., 
The European Physical Journal C15 (1998) 95, chapter 10.6. 

[3] H.J. He, N. Polonsky and S. Su, Phys. Rev. D64 (2001) 053004 (hep- 
ph/0102144). 

[4] J. Erler, P. Langacker, Review of Particle Physics, in C. Amsler et al., 
Phys. Lett. B667 (2008) 1, chapter 10.7. 

[5] LEPTOP, hep-ph/9503308 (1995). 

[6] V.A. Novikov, L.B. Okun, A.N. Rozanov, M.I. Vysotsky, Pis'ma v 
ZhETF 76 (2002) 158. 



12 



[7] M. Peskin, T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964; Phys. Rev. 
D46 (1992) 381. 

[8] V.A. Novikov, L.B. Okun, M.I. Vysotsky, Nucl. Phys. B397 (1993) 35. 

[9] G.D. Kribs, T. Plehn, M. Spannowsky, T.M.P. Tait, Phys. Rev. D76 
(2007) 075016. 



13 



